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Renal tubular function in glycerol-induced acute renal failure.
The purpose of this study was to examine proximal and distal
tubular function in rats with nonoliguric, myohemoglobinuric
acute renal failure (ARF). ARF was induced with glycerol (50%,
10 mI/kg of body wt, i.m.), and renal function was studied 24
hours after glycerol or saline (controls) injection. Glycerol injec-
tion caused a 50 to 90% depression in GFR and a significant rise
in blood urea nitrogen concentration. Animals with ARF exhib-
ited glycosuria with normal blood-sugar levels and a striking de-
pression in tubular glucose reabsorption per milliliter of GFR.
The capacity to reabsorb bicarbonate (mEq/liter GFR) was intact
at normal blood bicarbonate levels, but was markedly depressed
when blood bicarbonate was raised. The tubular maximum for
para-aminohippurate (PAH) secretion and the renal extraction
fraction of PAH were strikingly depressed in rats with ARF. Dis-
tal acidification as assessed by the urine-to-blood gradient of
Pco2 (U-B Pco2) was normal both during maximal alkalinization
of the urine with bicarbonate (urine pH, approximately 7.8) or
during neutral phosphate infusion (urine pH, approximately 7.0).
Net acid excretion per milliliter GFR and minimal urine pH (<
5.5) following 3 days of ammonium chloride ingestion was similar
in control and ARF animals. Potassium excretion was intact in
ARF animals, and hyperkalemia did not occur. Minimal and
maximal urinary osmolality were significantly altered in animals
with ARF. Cortical and outer medullary Na-K-ATPase specific
activities were significantly depressed in ARF rats. This oc-
curred as a consequence of enzyme loss and not secondary to
alterations in enzyme kinetics or absolute tubular sodium reab-
sorption. Light and electron microscopy showed diffuse proxi-
mal tubular damage, whereas glomeruli and distal tubules were
intact. These data demonstrate that glycerol injection produces a
diffuse proximal tubular transport defect associated with histo-
logic and enzymatic alterations.
Fonction tubulaire rénale au cours de l'insuffisance rénale aiguë
déterminée par le glycerol. Le but de ce travail a été l'étude de Ia
fonction tubulaire proximale et distale chez des rats atteints
d'insuffisance rénale aiguë (ARF) myoglobinurique, non oligu-
rique. L'ARF a été déterminée par le glycerol (50%, 10 mI/kg
poids corporel, i.m.) et Ia fonction rénale a été étudiCe 24 heures
après Ia perfusion de glycerol ou de solute. L'injection de glycC-
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rol a déterminé une diminution de 50 a 90% du debit de GFR et
une augmentation significative de Ia concentration plasmatique
d'azote uréique. Les animaux atteints d'ARF ont une glycosurie
avec une glycémie normale et une depression importante de la
reabsorption tubulaire du glucose par millilitre de GFR. La capa-
cite a réabsorber bicarbonate (mEq/litre GFR) est intacte aux
concentrations normales de bicarbonate mais fortement abaissée
quand Ia concentration de bicarbonate plasmatique est aug-
mentée. La sécrétion tubulaire maximale de para-amino-
hippurate (PAH) et l'extraction rénale du PAH sont diminuées
chez les rats en ARF. L'acidification distale évaluée par le gradi-
ent urine/sang de Pco2 (U-B Pco2) est normale aussi bien au
cours de l'alcalinisation maximale de l'urine par bicarbonate (pH
de l'urine, approximativement 7,8) qu'au cours de Ia perfusion
de phosphate neutre (pH de l'urine, approximativement 7,0).
L'excrétion nette d'acide rapportée au ml de GFR et le pH mini-
mal de l'urine (< 5,5) après trois jours d'ingestion de chlorure
d'ammonium sont semblables chez les contrôles et les animaux
en ARF. L'excrétion de potassium est conservée chez les ani-
maux en ARF et ii ne survient pas d'hyperkaliémie. Les as-
molalités urinaires minimale et maximale sont significativement
modifiées chez les animaux en ARF. Les activités spécifiques de
la Na-K-ATPase corticale et médullaire sont significativement
abaissées chez les rats en ARF. Ceci est Ia consequence d'une
perte d'enzyme et non de modifications de Ia cinCtique enzyma-
tique ou de Ia reabsorption absolue de sodium. La microscopie
photonique et électronique montre des lesions tubulaires proxi-
males diffuses alors que les glomérules et les tubes distaux sont
indemnes. Ces résultats démontrent que l'ingestion de glycerol
produit une perturbation globale du transport proximal associée
a des modifications histologiques et enzymatiques.
The study of experimental and human acute renal
failure (ARF) has to date largely concentrated on
pathogenic and pathophysiologic aspects of filtra-
tion failure [1, 2]. The acute fall in GFR in this syn-
drome is accompanied, however, by a variety of de-
fects of tubular function. These functional derange-
ments have been only sporadically examined. In
this study, we examined proximal and distal tubular
function using conventional clearance techniques in
the glycerol model of ARF in rats. The functional
changes observed were correlated with biochemical
and histologic changes.
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Methods
Male Sprague-Dawley rats (R. Locke, Chicago,
Illinois), each weighing between 250 and 450 g,
were used in all experiments. The animals ate regu-
lar rat chow and had free access to tap water. ARF
was induced by injecting 10 mllkg of glycerol (50%
in tap water) into the muscles of both hindlegs [3].
Control animals were injected with an equal volume
of normal saline (10 mi/kg, i.m.). All studies of renal
function were carried out 24 hours after the injec-
tion of glycerol or saline. At the conclusion of each
clearance study, kidneys were rapidly removed,
drained of blood, and processed for enzyme assays
and histologic examination (see below). For the re-
nal function studies, the animals were anesthetized
with sodium pentobarbital, 30 mg/kg, i.p. (Nembu-
tal, Abbott Laboratories, North Chicago, Illinois)
and placed on a heated board. Their rectal temper-
atures were maintained at 37 to 38° C. A tracheos-
tomy was performed, and two jugular veins and one
carotid artery and the bladder were cannulated with
PE-50 tubing.
The GFR was calculated from the clearance of
1251-iothalamate (Glofil, Abbott Laboratories, North
Chicago, Illinois) as previously reported [4]. Nor-
mal saline containing 1251-iothalamate (0.75 jiCilml)
was infused with a constant infusion pump (model
355, Sage Instruments, Cambridge, Massachusetts)
at a rate of 20 d/min. After an equilibration period
of 60 mm and i.v. replacement of intraoperative
fluid losses by Ringer's solution (equivalent to 1%
body weight), urine was collected under mineral oil
during two to three control (for definition see be-
low) and two to three experimental periods of 30 to
60 mm's duration. Blood from the carotid artery
was obtained at the midpoint of each clearance peri-
od. Blood and urinary losses were replaced by i.v.
Ringer's solution. Urine volume was determined
gravimetrically after correction for specific gravity.
1251-iothalamate-containing samples were counted in
a Beckman gamma counter (Biogamma, Beckman
Instruments, Irvine, California). Electrolytes,
blood urea nitrogen (BUN), glucose, phosphate,
pH, Pco2, osmolalities, and para-aminohippurate
(PAH) were determined in blood and urine as pre-
viously reported [5, 6].
Glucose titration. In 10 rats with ARF and in
8 control rats, 50% glucose in water was infused
following two to three control periods. The glucose
infusion was increased in a stepwise fashion, allow-
ing stabilization of plasma glucose at increasing
concentrations. At each concentration of plasma
glucose, one or two clearance samples were collect-
ed.
Bicarbonate titration. In 8 experimental rats,
(that is, 24 hours after glycerol) and 6 control rats,
0.9 M sodium bicarbonate was infused i.v. following
collection of two to three control samples. The so-
dium bicarbonate infusion was increased in a step-
wise fashion, allowing stabilization of blood bi-
carbonate at increasing levels. At each concentra-
tion of blood bicarbonate, one or two clearance
samples were collected. A maximally alkaline urine
(urine pH, close to 7.8) was achieved by raising
blood bicarbonate to approximately 40 mEq/liter.
PAH secretion. In 12 ARF and 11 control rats,
sodium PAH (Merck, Sharp and Dohme, West-
point, Pennsylvania), 4 mg/ml in normal saline, was
infused at a rate calculated to maintain the plasma
concentration around 3 mg/dI. Thereafter, the
plasma concentration of PAH was increased in a
stepwise fashion, by using an infusate containing
PAH at a concentration of 12 mg/dl. At each level of
PAH infusion (after 30 mm of equilibration), one or
two sample collections were obtained. At the con-
clusion of each study (5 control and 5 ARF ani-
mals), a small sample of blood from either renal
vein (27-gauge needle) was collected so as to allow
assessment of the PAH extraction fraction. For all
PAH calculations, it was assumed that 20% of the
plasma PAH was protein bound, and appropriate
corrections of plasma PAH concentrations were
made accordingly [7].
Phosphate infusion in animals with moderately
alkaline urine. After one to two control periods, 6
ARF and 6 control rats were infused with 0.3 M neu-
tral phosphate (dibasic-to-monobasic sodium phos-
phate molar ratio of 4:1; pH, 7.4) at an increasing
rate of 1 to 5 mi/hr. After 30 mm of equilibration,
one to two clearance collections were obtained at
each rate of phosphate infusion. Sodium bicarbo-
nate (0.9 M) was simultaneously infused to achieve
a stable urine pH between 6.8 and 7.4, and Pco2 in
blood and urine was measured throughout the ex-
periment.
Net acid excretion. Twelve rats were given 1.5%
ammonium chloride as drinking fluid for 5 days pre-
ceding the study. Twenty-four hours prior to study,
5 rats were injected with glycerol (ARF), and 7 rats
were injected with 0.9% saline (control). The ani-
mals were prepared for clearance study as de-
scribed above, and three to four clearance collec-
tions were obtained. The titratable acidity was as-
sessed by the amount of 0.1 N sodium hydroxide
used to titrate 1 ml of urine from urine with a pH of
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up to 7.4. Ammonia was measured by the formaline
titrimetric method of Cunarro and Weiner [8]. Net
acid excretion was calculated as the sum of titrat-
able acidity and ammonium excretion minus the uri-
nary bicarbonate excretion.
Free water clearance (CH,). In 8 rats with ARF
and 6 controls, CH,O and minimal urinary osmolality
(Umin) was determined. For this purpose, all rats
were only lightly anesthetized with ketamine hydro-
chloride (Ketalar, Parke-Davis, Detroit, Michigan),
1 mg/kg of body wt, i.p. After induction of anes-
thesia, a pediatric feeding tube was perorally in-
troduced into the stomach, and a 0.225% saline and
1.5% glucose solution was slowly instilled (equiva-
lent to 8% body wt). In addition, a solution of
0.225% sodium chloride was infused i.v. at a rate
equal to the urine flow. After achieving maximal de-
pression in urine osmolality (Umin) and after 60 mm
of equilibration, several blood and urine samples
were collected while a steady-state water diuresis
was maintained. CHO was calculated as VCosm,
where V is the urine flow and Cosm is the osmolar
clearance, both expressed in milliliters per minute.
[7].
Free water reabsorption (TCH,O,I. In 10 rats with
ARF and 6 controls, TtHO and maximal urinary os-
molality (Umax) was determined. The animals were
water deprived for 18 hours prior to study and re-
ceived 1 U, s.c., of Pitressin tannate in oil® (Parke-
Davis, Detroit, Michigan), at 12 and 2 hours before
the first urine was collected. The osmolality of the
first spontaneously voided urine (morning sample)
was taken as Umax. Thereafter, the animals were
anesthetized and cannulated as described above.
All rats were infused with 3% sodium chloride at
progressively increasing rates, from 0.1 to 1 mllmin,
in a period of approximately 2 to 3 hours to raise
osmolar clearance. Aqueous Pitressin was infused
continuously at a rate of 20 mU/hr. Four to six
clearance collections were obtained. TCH,O was cal-
culated as C01—V [7].
Aortic constriction. Seven normal rats had a sil-
ver clip applied to the abdominal aorta above the
renal arteries to reduce the aortic diameter by 60%.
Six normal rats were sham operated, and 7 re-
mained unoperated. The data from the intact and
sham-operated rats were combined and reported as
such, for they were not statistically different. An
additional 21 animals were injected with glycerol as
detailed above. GFR, electrolyte excretion, and
renal Na-K-ATPase activity (see below) was mea-
sured in all these animals 24 hours after surgery or
glycerol injection.
Histology. The kidneys of 6 randomly chosen
ARF (from bicarbonate titration and glucose titra-
tion groups) and 6 control animals were fixed by in
vivo perfusion with 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH, 7.4) as previously described
[9].
After completion of perfusion fixation, tissue
slices for light microscopy were transferred into
10% fresh formaldehyde and processed for section-
ing and staining according to routine methodology.
Tissue slices corresponding to those examined by
light microscopy remained for an additional 2 hours
in the glutaraldehyde-phosphate solution. There-
after, the tissue was postfixed in 2.0% osmium te-
troxide in 0.1 M phosphate buffer (pH, 7.4) and de-
hydrated in a series of acetone solutions. The tissue
was then infiltrated with a 1:1 solution of Epon
812®/100% acetone, pure Epon 812, and finally em-
bedded and polymerized in Epon 812. Tissue was
thin-sectioned at approximately 60 nm; the sections
were placed on 200-p mesh copper grids and stained
with uranyl acetate and lead citrate. The tissues
were examined on an RCA EMU 4 electron micro-
scope.
Enzy,ne studies. Renal Na-K-ATPase activity
was determined in 13 control animals (6 sham oper-
ated for aortic constriction and 7 left intact), in 7
animals with aortic constriction (see above: Aortic
constriction) and in 21 animals with ARF. All kid-
neys were rapidly removed at the end of each clear-
ance study (25 to 27 hours after surgery or glycerol
injection). The details of tissue dissection, prepara-
tion of whole homogenates from cortex, outer me-
dulla and papilla, and Na-K-ATPase assay have
been previously reported [4]. The Na-K-ATPase
specific-activity was expressed in micromoles of in-
organic phosphate per milligram of protein per
hour. Inorganic phosphate was determined by the
method of Fiske and SubbaRow [10], and the pro-
tein content of tissue suspensions by the method of
Lowry et al [11]. The linearity of ATPase activity
(total and ouabain-sensitive) with time or enzyme
concentration was assessed by varying either the in-
cubation time from 1 to 20 mm or the volume of
tissue homogenate (cortex and outer medulla from
control, ARF, and aorta-constricted animals) from
0.05 to 0.3 mI/incubation, respectively. The correla-
tion coefficient (r) for both maneuvers was at least
0.99, indicating a high degree of linearity of the en-
zyme assay when performed under the described
conditions. Because animals with ARF (see below
in Results section) showed a marked depression in
Na-K-ATPase specific activity, both in cortex and
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Table 1. Glucose reabsorption in control animals (C) and animals with acute renal failure (ARF)
GFR Pgiueose TG/GFR Ugiucose FENa BUN
.
Experimental
mi/mm rng/di mg/mi mg/di % mg/di
period C ARF C ARF C ARF C ARF C ARF C ARF
Control 1.9 O.4e 133 164 1.33 0.810 45 1,648d 0.3 29d 13.2 39.00
P NS NS <0.001 <0.001 <0.001 <0.01 <0.001 <0.001 NS NS
Glucose 1.9 0.40 538 546 3.50 1.520 6,600 3,943b 0.7 6.3k — —
loading ±0.3 ±0.1 ±64 ±43 ±0.27 ±0.24 ±1,050 ±500 ±0.4 ±2.4
a Values are the means ± SEM (N = 8 control animals, 10 ARF animals). Abbreviations used are Pgiucose, plasma glucose concentra-
tion; TGJGFR, tubular glucose reabsorption per ml GFR; urinary glucose concentration; FENa, fractional sodium excretion;
BUN, blood urea nitrogen.
b P < 0.05, compared with control.
P < 0.02, compared with control.
01 P < 0.01, compared with control.
P < 0.001, compared with control.
outer medulla, these tissues were subjected to ki-
netic analysis. The apparent Michaelis-Menten con-
stants (Km) for sodium, potassium, and ATP were
determined from cortical and outer medullary ho-
mogenates from control, ARF, and aorta-con-
stricted rats. The sodium dependence of the Na-K-
ATPase activity was determined by varying the so-
dium concentration in the reaction mixture between
0 and 150 m, with Tris-ATP-magnesium as sub-
strate. The potassium dependence of the Na-K-
ATPase was assessed by varying the potassium
concentration in the incubation medium between 0
and 20 m. Total ATPase and magnesium-ATPase
were measured as above. The initial velocity of the
ATPase reaction as a function of ATP concentra-
tion was determined by varying the initial ATP con-
centration between 0 and 6 m. Magnesium was
added separately from ATP such that the final con-
centration in the reaction mixture was likewise 0 to
6 mrvt. Linear conversion according to Hofstee [12]
of the sodium, potassium, and ATP data demon-
strated that the apparent Michaelis-Menten con-
stants for cortical and outer medullary enzyme for
all three groups were statistically indistinguishable',
and that the reduction in specific Na-K-ATPase ac-
tivity in ARF resulted from differences in enzyme
concentration, that is, Vmax.
Reagents and calculations. Analytical grade re-
agents were used whenever possible. Ouabain and
the sodium and Tris salts of ATP (vanadate-free)
The apparent Km for sodium in cortical tissue of ARF rats
was 15 ± 0.8 mEq (NS, vs. 15.7 ± 0.6 for control and 15.4 ± 0.7
for coarctation group); Km for potassium in ARF cortex was 1.8
± 0.2 mEq (NS, vs. 1.7 ± 0.1 for control and 1.7 ± 0.1 for coarc-
tation group). The Km for ATP in ARF cortex was 0.3 ± 0.1 mM
(NS, vs. 0.3 ± 0.1 for control and 0.3 ± 0.1 for coarctation
group). Data from outer medulla were similar.
were purchased from Sigma Chemical Corp. (St.
Louis, Missouri).
Results are presented as the means ± SEM. Enzy-
matic data were analyzed according to Hofstee [12]
and Dixon and Webb [13]. Linearity was assessed
by linear regression analysis, and statistical signifi-
cance of differences between group means was de-
termined by the Student's t test. P values less than
0.05 were considered significant.
Results
Glucose reabsorption. The results from this ex-
periment are summarized in Table 1 and Fig. 1. The
animals with ARF had a marked depression in GFR
and a significant rise in BUN. Fractional sodium ex-
cretion (FENa) prior to glucose loading differed sig-
nificantly, whereas blood glucose concentrations
before and after glucose loading were comparable in
ARF and control rats. Figure 1 clearly illustrates
the striking depression in tubular reabsorption of
glucose per milliliter of GFR (TG/GFR) seen in ARF
rats both at low and elevated concentrations of
plasma glucose. This marked depression of the renal
threshold for glucose was reflected by glycosuria at
low plasma glucose concentrations. In contrast,
control animals excreted only small quantities of
glucose when the plasma glucose concentration was
in the normal range.
Bicarbonate reabsorption. The data from this ex-
periment are summarized in Table 2 and Fig. 2. The
GFR in animals with ARF was markedly depressed,
and their BUN was significantly elevated when
compared with control animals. Fractional chloride
excretion (FE1) before bicarbonate loading was
higher in ARF animals. Following bicarbonate load-
ing, FE1 rose significantly in control and ARF ani-
mals. The blood bicarbonate concentration before
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o Control (N = 8)
• ARF (N= 10)
100 200 300 400 500 600 700 800 900
Plasma glucose, mg/dI
Fig. 1. Plot of tubular glucose reabsorption per milliliter of GFR
vs. plasma glucose concentration. Open circles represent experi-
mental points from 8 controls, and closed circles are those of 10
ARF animals.
bicarbonate loading and at high blood bicarbonate
concentrations was comparable in both groups of
animals. Figure 2 shows that ARF and control ani-
mals reabsorb bicarbonate completely up to a blood
bicarbonate concentration of approximately 26
mEq/liter. The tubular capacity for bicarbonate
reabsorption (THcO,) above this point levels off in
ARF animals, whereas control animals show a fur-
ther almost linear increase in THCOa/GFR as blood
bicarbonate is raised. Thus, rats with ARF exhib-
ited a marked reduction only in Tm HCO3/GFR, for
the renal threshold for HCO3 was unaltered. The
GFR in bicarbonate control animals was noted to be
higher than that in glucose control rats. This result-
ed most probably from differences in body weight
(bicarbonate controls weighed 350 35 g, and glu-
cose controls, 250 30 g, P < 0.05).
PAH secretion. These experiments are summa-
rized in Table 3 and Fig. 3. Both the GFR and BUN
values of ARF animals differed significantly from
those of controls. The tubular secretion of PAH at
low and high concentrations of free PAH was
markedly depressed in ARF animals. PAH secre-
tion in ARF animals did not rise during PAH load-
ing. In contrast, control animals exhibited a fivefold
rise in PAH secretion with PAll loading. The clear-
ance of PAll was low and fell with PAH loading in
ARF animals. The PAH extraction fraction deter-
mined during PAH loading was only 10% in ARF
animals as compared with 87% in control animals.
Urine-blood (U-B) Pco2 during bicarbonate load-
ing. The data from these experiments are summa-
rized in Table 4 (also see Table 2). U-B Pco2 before
or after bicarbonate loading was similar in control
and ARF animals. Urinary pH, bicarbonate, and
phosphate concentrations were not different in ARF
and control animals, both before and after bicar-
Table 2. Bicarbonate reabsorption in acute renal failurea
•
Experimental
period
GF
ml!
_--_________
C
R
mm
ARF
THCO/GFR
mEqiliter
C ARF C
FEc1
%
ARF
Blood HCO3
mEqiliter
C ARF
Blood Pco2
mm Hg
—___________
C ARF C
BUN
mg/dI
ARF
Control 3.0 1.10 23.4 22.7 0.8 1.6k 24.0 23.0
±1.2
39.0 41.8 17.4 38.3°
P NS NS <0.001 <0.05 <0.05 <0.01 <0.001 <0.001 NS NS
Bicarbonate 2.6 1.0° 36.3 253 5.3 l0.2 43.3 39.7 38.7 41.6
loading ±0.2 ±0.3 ±1.9 ±1.3 ±1.9 ±1.5 ±1.2 ±1.2 ±1.1 ±1.4
a Values are the means ± SEM (N = 6 control animals, 8 ARF animals). Abbreviations not defined in Table 1 are: THCO3/GFR, tubular
bicarbonate reabsorption per liter GFR; FE1, fractional chloride excretion.
P < 0.05, compared with controls.P < 0.01, compared with controls.
P < 0.001, compared with controls.
6.0
5.0
4.0
E 30
50
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I..
E
U-
0 0
I I-
o Control (N = 6)
o ARF(N°8) 0
00 0
O,O .0••
00 0•
F' • •S•.. 1*0 • •.
• •
•
0 20 60
Blood bicarbonate, mEq/Iirer
Fig. 2. Plot of tubular bicarbonate reabsorption per liter of GFR
vs. blood bicarbonate concentration. For symbol identification,
see legend to Fig. 1.
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Table 3. PAH secretion in acute renal failure0
Experimental
period
G
ml!
C
FR Free
mm
ARF C
plasma PAH
mg/dl
ARF
PAH secretion
mg/mm
C ARF
C
ml!
C
PAH
mm
—
ARF
EFPAH
%
C ARF
BUN
mg/dl
C ARF
LowPAH 2.2 0.20 2.0 530 0.08 0025b 7.8 0.710 — — 17.5 84.le
P NS NS <0.001 <0.001 <0.001 NS <0.02 <0.01
HighPAH 2.1 0.30 35.1 71.9e 0.50 0.032c 4.81 0.33c 87.4 10.40
— —
Values are means SEM (N = 11 control animals, 11 ARF animals). Abbreviations not defined in Table 1 are: CPAH, PAH clearance;
EFPAH, PAH extraction fraction (data from 5 control and 5 ARF animals).
b P < 0.05, compared with controls.
P < 0.02, compared with controls.
1 P < 0.01, compared with controls.
P < 0.001, compared with controls.
4. The GFR was markedly depressed in animals
with ARF. U-B Pco2 during neutral phosphate in-
fusion rose significantly in both control and ARF
0 animals. Urinary pH and fractional sodium excre-
tion were comparable in both groups. The urinary
0 concentration of phosphate (U0,) before phosphate
00 0 0
0 0 infusion was significantly higher in ARF animals,
6' 0 whereas it rose in control animals to a higher final
0
0 0 00
0 level when phosphate was infused. The high Up0,
0 0
concentrations in ARF animals (before phosphate
• loading, control periods) was associated with a high
5 10 L fractional phosphate excretion and a significantly
lower capacity to reabsorb phosphate per liter GFR
(0.9 0.3 in ARF, and 2.3 0.1 mmoles/liter in
controls, P < 0.005). The tubular reabsorption of
phosphate (per liter GFR) was similar in control and
ARF rats when phosphate was infused. The plasma
bonate loading. The fractional water excretion (Vt phosphate concentration was not different in con-
GFR) was significantly higher in rats with ARF. trol and ARF animals. Figure 4 demonstrates that
These data indicate that urinary acidification as re- U-B Pco2 rises linearly as the U0 is raised both
flected by the urine-to-blood Pco2 gradient re- in ARF and control animals. Linear regression anal-
mains intact in animals with ARF. ysis and analysis of covariance of these data (for the
U-B Pco2 during phosphate infusion. The data range where Up, in control and ARF animals over-
from this group are summarized in Table 5 and Fig. laps) demonstrated that the line obtained in ARF
Table 4. Urine-blood Pco2 in acute renal failure during sodium bicarbonate administration0
GFR U-B Pco2 UHCO, Urine pH UPc, V/GFR X 100
.
Expenmental
mI/mm mm Hg
-_-
mEq!liter mmoles/liter %
period C ARF C ARF C ARF C ARF C ARF C ARF
Control 3.0 1.1 —3.8 —4.6 0.39 0.23 5.54 5.64 24.8 34.5 0.8 41b
P NS NS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 NS <0.001 <0.02 <0.01
Bicarbonate 2.6 1.00 34.5 39.5 121.70 112.30 7.76 7.74 16.5 13.5 4.8 14.10
loading ±0.2 ±0.3 ±2.8 ±4.5 ±10.34 ±8.36 ±0.3 ±0.2 ±3.3 ±2.8 ±1.0 ±0.3
a Values are the means ± SEM (N = 6 control animals, 8 ARF animals). Abbreviation not defined in Table I is: V/GFR, fractional water
excretion.
b p < 0.02, compared with controls.
P < 0.01, compared with controls.
o Control (N= 11)
• ARF (N= 11)
1.4
1.2
Ii.o
0.80
E o 0.68I
0.4
0.2
0
Free plasma PAH, mg/dI
Fig. 3. Plot of PAH secretion vs. the concentration of free
plasma PAH. For symbol identification, see legend to Fig. 1.
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Table 5. Urine-blood Pco2 in acute renal failure during neutral phosphate infusiona
Experimental period
GFR U-B Pco2
mi/mm mmHg
C ARF C ARF
P04
,nmoles
C
Iliter
ARF
U1,0 Urin
mmoles/Iiter
C ARF C
e pH
ARF
FE1,04%
C ARF
FEND
%
C ARF
Control 2.2 O.6c — 8.9 —10.5
±0.2 6.9 1.7
2.5 2.7 21.3 38.5' 6.07
8.0
532b 8.9
2.5
63.9e 1.01 0.8
0.3
P <0.02 NS < 0.001 < 0.01
2.8 0.8 87.4 44.8k
<0.001
5.0
<0.05 < 0.01 < 0.05<0.0249 743 524b 7.08 <0.001 < 0.0017.04 68.8 NS75.4 <0.001 < 0.059.4 10.6
Phosphate infusion 7.6 8.7 10.6 3.6 6.8 3.9
a Values are the means SEM (N = 6 control animals, 6 ARF animals).
b P < 0.05, compared with controls.
P < 0.001, compared with controls.
Table 6. Net acid excretion in acute renal failurea
ExperimentaI animals
GFR
,nI/,nin
TAIGFR
pEqimi
NH44YGFR
p.EqIml
Net acid/GFR
pEqimi Blood pH
Blood Pco2
mm Hg
Blood HCO3
mEq/liter Urme pH
Controls (N = 7) 1.2 0.1 0.7 0.2 1.3 0.4 2.0 0.5 7.23 0.03 33.9 0.9 13.9 1.2 5.43 0.04
P <0.01 <0.01 NS NS NS NS NS NS
ARF(N = 5) 0.3 0.1 1.4 0.2 1.1 0.3 2.4 0.4 7.21 0,05 33.6 1.2 13.6 1.9 5.33 0.01
a Values are the means SCM. Abbreviations not defined in Table I are: TAIGFR, titratable acid excretion per milliliter GFR; NH4a/
GFR, ammonium excretion per milliliter GFR; Net acidIGFR, net acid excretion per milliliter GFR.
o Control (N = 6)
• ARF(N6) 0
0
00
0
• 00 0
S • 00
0 00, •
• ••
.
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Fig. 4. Plot of U-B PC02 against urinary phosphate concentra-
tion. For symbol identification, see legend to Fig. 1.
animals (y = l.09x + 7.7, r = 0.83,P <0.01) did not
differ from that obtained in controls (y = 0.77x +
10.8, r = 0.89, P <0.01) both as regards slope and
intercept. The higher U-B Pco2 value observed in
control animals resulted, therefore, clearly from the
higher final U0 concentration achieved in these an-
imals. These data also suggest that distal acid-
ification remains intact in this form of ARF. This
notion is further supported by the fact that sponta-
neous urinary pH in these ARF animals was less
than 5.5.
Net acid excretion. Table 6 contains the data
from these experiments. The GFR was markedly
depressed in rats with ARF. Blood pH following
ammonium chloride ingestion was below 7.25, and
simultaneous urinary pH was less than 5.5 both in
ARF and control animals. Blood Pco2 and bicarbo-
nate concentration was similar in experimental and
control animals. The net acid excretion and ammo-
nium excretion per milliliter GFR was similar in
control and ARF animals. Titratable acid excretion
per milliliter GFR was significantly higher in ani-
mals with ARF. These data corroborate that distal
acidification in animals with glycerol-induced ARF
is intact (see U-B Pco2 data above).
Potassium excretion. Table 7 summarizes the po-
tassium data from six experimental groups. Note
that plasma potassium was not elevated in any of
the experimental groups. Fractional potassium ex-
cretion in animals with ARF was greater than 100%
in the studies in hydropenia, and in the glucose, 3%
saline, and H20 infusion studies. Urine flow (V) and
UNaV values were similar in all groups except when
phosphate was infused.
Free water excretion (CHo. The data from these
experiments are summarized in Table 8. The ani-
mals with ARF showed a marked decline in GFR
when compared with controls. The minimal urinary
osmolality (Umin) achieved during maximal water
diuresis was significantly higher in ARF animals.
Urine flow and osmolar clearance were similar in
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Table 7. Potassium excretion in acute renal failure'
Experimental periods
GFR
mi/mm
C ARF
PK
mEq/liter
C ARF
F
C
E
%
ARF
UKV
p.Eq/min
C ARF
F
C
EN,
%
ARF
UN,V
pEqimin
C ARF
ml!
C
V
mm
ARF
Hydropenic 2.9 0.5° 2.9 2.7 27.9 164.0° 1.8 1.5 0.6 65" 2.0 1.4 0.03 0.03(N = 10,16) 5.4 13.5 ±0.2 2.4 0.3 0.3
Bicarbonate infusion 2.6 1.0" 3.8 3.2 46.9 91.0° 4.5 3.3 9.1 16.1" 33.3 26.2 0.14 0.13
(N = 6,8) ±0.2 2.1 12.7 3.1 4.3 3.7
Glucose infusion 1.9 0.4 3.4 3.3 32.2 104.0° 1.6 1.0 0.7 6.3" 2.8 2.0 0.05 0.04
(N = 8,11) 7.9 12.0 2.4 1.4 0.7
Phosphate infusion 2.8 0.8° 3.1 39e 42.0 95.4 3.6 22d 9.4 10.6 40.3 7.3° 0.14 0.05°(N = 6,6) 2.7 24.7 3.9 2.5 1.0
H20 diuresis 2.9 0.7° 3.2 3.1 33.2 127.7" 2.9 2.5 2.3 14.0" 9.0 10.8 0.33 0.25
(N = 6,8) 8.1 22.6 2.6 1.8 0.8
3% Sodium chloride infusion 2.3 0.5° 2.4 3.3 53.5 143.4e 2.1 1.5 8.1 29.1" 38.8 24.0 0.12 0.10(N = 6,9) 16.7 24.1 5.3 4.0 7.6
'Values are the means SEM. Abbreviations are defined in Table 1. N denotes number of control and ARF animals, respectively.
b P < 0.05, compared with controls.
P < 0.02, compared with controls.
d P < 0.01, compared with controls.
P < 0.001, compared with controls.
Table 8. Free water excretion (CH,o) in acute renal failurea
Experimental animals
GFR
mi/mm
V
mi/mm
U1,
mosm/kg H20
Co,m
mI/mm
CHO
mi/mm
C,0/GFR
%
(CH,O + CNa)/GFR
%
V/GFR
%
Controls (N = 6) 2.9 0.5 0.33 0.05 76.7 4.3 0.12 0.02 0.22 0.03 7.5 0.4 9.9 0.7 11.7 0.9
P < 0.001 NS <0.01 NS < 0.05 <0.001 < 0.001 <0.001
ARF(N = 8) 0.7 0.1 0.25 0.02 142.1 11.2 0.13 0.01 0.13 0.02 17.8 1.2 30.7 2.5 38.5 3.4
a Values are the means SEM. Abbreviations not defined in Table 1 are: U,,,, minimal urinary osmolality; CH,O + CNa)/GFR, fraction-
al distal sodium delivery; V/GFR = fractional water excretion.
Table 9. Free water reabsorption (TeHZO) in acute renal failure'
Experimental animals
GFR
mi/mm
V
mi/mm
Umax
mOsmIkgH2O
Cosm
mi/mm
TCH,O
mi/mm
TrH,O/GFR
%
Co,m/GFR
%
V/GFR
%
Controls (N = 6) 2.3 0.3 0.124 0.031 2214 155 0.25 0.04 0.13 0.02 6.9 0.3 11.4 1.9 6.2 1.4
P < 0.001 NS < 0.001 < 0.05 < 0.001 NS <0.02 <0.02
ARF(N = 10) 0.5 0.1 0.096 0.028 586 60 0.12 0.04 0.03 0.01 6.9 1.9 36.2 6.7 27.1 6.3
'Values are the means SEM. Abbreviations not defined in Table I are: Umax = maximal urinary osmolality; V/GFR = fractional
water excretion.
control and ARF animals. Fractional free water
clearance (CH,0IGFR), fractional distal sodium de-
livery (CHo + CN,JGFR) and fractional water excre-
tion (V/GFR) were significantly higher in ARF rats.
When fractional free water excretion was examined
as a function of fractional distal sodium delivery, it
became apparent that the experimental points did
not overlap. Therefore, a valid statement regarding
differences in overall diluting capacity at any one
level of distal delivery cannot be made.
Free water reabsorption (TCHO). Table 9 summa-
rizes the data from this experiment. The GFR was
significantly decreased in ARF animals. The maxi-
mal urinary osmolality (Umax) achieved in ARF ani-
mals (after water deprivation and vasopressin ad-
ministration) was strikingly depressed when corn-
pared with controls. Urine flow and fractional free
water reabsorption (TCHOIGFR), however, was
similar in ARF and control rats. When fractional
free water reabsorption was examined as a function
of fractional osmolar clearance (Cosm/GFR), no
overlap in experimental points was obtained.
Therefore, overall concentrating capacity of ARF
animals at any one level of distal delivery could not
be compared with that of controls.
Sodium reabsorption and Na-K-A TPase activity.
Table 10 and Fig. 5 show the data from these experi-
ments. Both the animals with ARF and those with
constriction of the suprarenal abdominal aorta
(coarctation) showed, 24 hours after the respective
procedure, a marked depression in GFR and a rise
in BUN when compared with controls. This decline
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Table 10. Effect of acute renal failure and coarctation of the aorta on renal functiona
Experimental animals
GFR
mi/mm
BUN
mg/dl
FENa
%
FEK
%
V/GFR
%
Wt
g
Controls (N = 13) 2.8 0.3 16.7 1.0 0.6 0.1 23.0 3.2 1.1 0.7 339 25
P < 0.001 < 0.001 NS < 0.001 < 0.01 NS
ARF(N = 21) 0.5 0.1 50.0 5.5 4.7 1.7 169.5 13.1 9.9 1.7 300 14
P <0.01 NS NS <0.001 <0.05 NS
Coarctation(N = 7) 0.9 0.1 31.2 4.2 0.9 0.6 37.7 10.7 1.9 0.9 312 12
P (vs controls) < 0.01 < 0.001 NS NS NS NS
500 -
- 400-
La0.
=
. 300-
0.
0
.0
200-
C
<0.001
>
.t .c
tIc,,
P<0.001
I/l 't°
Lp<OO1J /
in GFR was associated with a parallel depression in
absolute tubular sodium reabsorption (TNa; see Fig.
5). Note that the Na-K-ATPase specific activity in
cortex and red medulla from ARF animals was
markedly depressed. A 24-hour reduction of TNa
subsequent to aortic clipping was not associated
with a decline in enzyme activities. The decline in
Na-K-ATPase specific activity resulted from a loss
in active enzyme per milligram of protein and not
from alterations in enzyme kinetics, that is, appar-
ent Km's for ATP, sodium, or potassium (see Meth-
ods section). These data indicate that this type of
ARF is associated with a direct loss in Na-K-
ATPase specific activity (in cortex and red medulla)
and that this decline in activity does not result (at
least not exclusively) from a primary depression in
TNa.
Histology. Figure 6 shows light- and electron-mi-
croscopic photographs taken from control (panels A
and C) and ARF (panels B and D) animals 24 hours
after glycerol or saline injection. Note that kidneys
from rats with ARF showed a diffuse damage of
proximal tubules, whereas glomeruli and many dis-
tal tubules were intact and comparable with con-
trols (panels A and B). Panel D shows a proximal
tubule from an animal with ARF. The cellular dam-
age is characterized by a complete loss of the brush-
border, marked mitochondrial swelling, and cyto-
plasmic vacuolization. Panel C shows a normal
proximal tubular segment.
Discussion
The objective of the present study was to system-
atically examine tubular function in glycerol-in-
duced ARF. Most previous investigations of ARF
have concentrated on the study of the pathogenesis
and pathophysiology of filtration failure, leaving the
functional expression of the syndrome incompletely
elucidated [1, 2]. The glycerol model of this syn-
drome was chosen because it has been extensively
studied and is felt to closely resemble the human
form of pigment-induced ARF [2].
In the so called "nephrotoxic" form of human or
experimental ARF, various defects of tubular func-
a Values are the means SEM. V/GFR is fractional water excretion. For enzyme data see Fig. 7.
0—
Cortex Red medulla Papilla
o Control
Acute renal failure
O Coarctation
Fig. 5. Left panel Absolute tubular sodium reabsorption (TN,.) in control (open bars, N = 13),ARF (black bars, N = 21),and coarctation
animals (crosshatched bars, N = 7). Right panel Na-K-A TPase specijic activities in renal cortex, red medulla, and papilla in the same
experimental animals.
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Fig. 6. Photomicrographs of histologic sections from rat kidney cortex. A shows control. B shows ARF animals (Trichrome stain;
original magnification, x 80). C shows electronmicrograph of proximal tubule from control. D represents ARF animals (original magnifi-
cation of panel C is x5,700 and D is x8,900).
tion were reported. Most frequent among these de-
fects were glycosuria, aminoaciduria, proteinuria,
decreased PAH extraction, and defective con-
centrating ability [2, 14-24]. No detailed quan-
titative study, however, of these tubular function
abnormalities is presently available. We also at-
tempted to correlate the changes in tubular function
with the histologic pattern of renal cell damage and
alterations in Na-K-ATPase activity in the glycerol
model of ARF. A similar approach in other models
of ARF has been taken by Baines [18] and others
[19, 25].
The GFR 24 hours after glycerol fell by 60 to 90%
as measured by the clearance of iothalamate. The
clearance of iothalamate did not differ from that of
inulin (data not shown). Many investigators in the
past assessed renal function in this model of ARF
only by measurement of BUN concentrations or by
determination of single nephron GFR by micro-
puncture technique. Our data and those of others
using different clearance markers [2, 26] agree in the
magnitude of glomerular filtration loss seen in non-
dehydrated rats given glycerol.
Our data suggest that the animals with ARF at the
time of study were not volume expanded but rather
volume contracted or normovolemic. This observa-
tion is important in interpreting the clearance data
because proximal tubular reabsorption of bicarbo-
nate and glucose falls markedly with effective arte-
rial blood volume expansion [5, 27]. This con-
clusion as to the state of volume was reached from
the following evidence. The urine flow in animals
with ARF was generally not different from that of
controls (see Table 7). None of the experimental an-
imals developed oliguria. The rats with ARF experi-
enced a mean weight loss of approximately 12.5 g
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(range, 10 to 20 g) within the 24 hours of glycerol
administration, whereas the controls lost a mean of
6.5 g (range, 3 to 8 g) during the same observation
period. The food and water intake by the ARF ani-
mals was very low compared with controls. The
mean arterial blood pressure at the time of study
was not different in experimental and control rats
(data not shown). The hematocrit 24 hours after
glycerol or saline injection was not lower in rats
with ARF (42 3 vs. 44 2%, NS). A fall in hema-
tocrit due to hemolysis was probably obscured by
concomitant hemoconcentration. All these facts
rule out volume expansion at the time of study.
Therefore, the marked depression in glucose, bi-
carbonate, and phosphate reabsorption observed in
animals with glycerol-induced ARF provides clear
evidence for a diffuse defect in proximal tubular
function, which closely resembles that observed in
nephrotoxic forms of ARF [2, 14-24, 28]. This prox-
imal tubular defect also affects the organic acid
transport system, for both PAH secretion and PAH
extraction were strikingly decreased. Abnormalities
in active PAH transport have also been demon-
strated in in vitro studies that use renal cortical
slices from rats with glycerol-induced ARF [29]. It
is of interest that the bicarbonate reabsorption at
normal concentrations of blood bicarbonate was in-
tact and that only the "tubular maximum" for bi-
carbonate was reduced. This might have been in
part due to a less severe impairment in renal func-
tion observed in this group of animals. Indeed, the
rats with a more severe degree of ARF showed a
depression in tubular bicarbonate reabsorption at
normal blood bicarbonate levels. In contrast, both
glucose and PAH transport were markedly de-
pressed in animals with only mild ARF. This sug-
gests that the integrity of proximal tubular transport
in this syndrome can be most sensitively assessed
by examining the renal handling of either glucose or
PAH (that is, when clearance techniques are used).
These data showing marked depression in proxi-
mal tubular function are supported by examination
of the renal histology, which demonstrated that the
main site of diffuse tubular cell damage was the
proximal convolution. The pars recta showed less
severe subcellular and cellular alterations in a more
patchy distribution. Cells of the thick ascending
limb showed only minor changes, including mito-
chondrial swelling and cytoplasmic vacuolization.
Tubular cell (presumably proximal) debris, and
pigment casts were found in the pars recta, the loop
of Henle, and the collecting tubules. The epithelium
of the latter appeared, however, entirely intact.
Cast formation and cell swelling (with occlusion of
the proximal tubular lumen) was frequently noted
and probably produced some degree of tubular ob-
struction. Similar findings have been previously re-
ported by others [30-32]. Whether this mechanism
(that is, obstruction) plays a significant role in the
reduction of GFR in this model of ARF is con-
troversial [2]. It is noteworthy that the damages ob-
served in the proximal tubules of superficial neph-
rons were similar to those observed in proximal tu-
bules of deep nephrons.
The defects of proximal tubular function cone-
lated well with both the site of tubular cell injury
(that is, the proximal tubule, see above) and a loss
in Na-K-ATPase specific activity of the renal cor-
tex. This decline in specific activity was not due to
alterations in enzyme kinetics and was paralleled by
a fall in the specific activity of magnesium-ATPase
(80% of control), succinic dehydrogenase (76% of
control; mitochondrial marker enzyme), and 5'-
nucleotidase (78% of control; microsomal marker)
(data not given)2. Similar depressions in enzyme ac-
tivity have been reported by Baines [18] and
Schmidt and Dubach [25], who studied heavy met-
al- and folate-induced ARF, respectively. This non-
specificity of loss in enzyme activities seems to in-
dicate that these changes are the result of extensive
tubular cell injury.
To examine whether the decline in absolute tubu-
lar sodium reabsorption (TNa) in ARF animals could
have caused the fall in Na-K-ATPase activity, we
reduced the TNa in normal rats by constricting the
abdominal aorta (Table 10, Fig. 5). This experiment
was necessary because we demonstrated previously
that a prolonged decrease in TNa (that is, lasting for
several days) resulted in a parallel fall in Na-K-
ATPase activity [4]. Because a reduction in TNa of
24 hr's duration (produced by aortic constriction)
had no effect on renal Na-K-ATPase activity (Fig.
5), it appears unlikely that the loss in enzyme activi-
ty seen in ARF resulted from a primary fall in TNa.
This observation is in agreement with the data of
Fisher et al [35].
Distal acidification was assessed in several ways.
All animals with ARF were able to spontaneously
reduce their urinary pH to less than 5.5. Following
several days of ammonium chloride administration,
2 Magnesium-ATPase activity was measured as part of the Na-
K-ATPase assay. The activity of the succinic dehydrogenase
was determined in whole homogenates according to Kun and
Abood [33] and that of the 5'-nucleotidase according to Dixon
and Purdom [34] by using light microsomes [4].
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both control and ARF animals were equally acid-
otic, and their titratable acidity and ammonium
chloride excretion per milliliter of GFR were simi-
lar. These data suggest that distal acidification was
unimpaired.
Maximal urinary alkalinization with bicarbonate
(Tables 2 and 4) demonstrated clearly that animals
with ARF can achieve a U-B Pco2 gradient com-
parable to that of controls. Similarly, during the in-
fusion of neutral phosphate, U-B Pco2 rose linearly
and identically with the urinary phosphate concen-
tration both in experimental and control animals.
These data taken as a whole clearly demonstrate,
therefore, that animals with glycerol-induced ARF
have a preserved capacity for distal acidification.
The excretion of potassium under various experi-
mental conditions was intact (see Table 7). Note
that none of the animals with ARF was hyper-
kalemic at the time of study. When examined under
hydropenic conditions or when measured during bi-
carbonate, glucose, water, or 3% sodium adminis-
tration, absolute potassium and sodium excretion
were similar in ARF and control animals. In addi-
tion, urine flows under the same experimental con-
ditions were not different. It could be argued that a
defective potassium reabsorption in more proximal
nephron segments (that is, proximal to the distal
secretory site) could amount for the relatively nor-
mal capacity to eliminate potassium. A fractional
potassium excretion of greater than 100% indicates,
however, that the potassium secretory mechanism
is intact. Histologic examination of the collecting
tubules showed no evidence of tubular cell damage
both on light and electron microscopy. This likely
explains the intact acidifying and potassium-secret-
ing capacity observed in ARF animals.
Animals with ARF showed a marked depression
both in maximal urinary concentrating and diluting
capacity. This is in agreement with earlier studies
by Bowman and Foulkes [21] using the uranyl ni-
trate model of ARF.
Summary. The present study demonstrates that
glycerol-induced, nonoliguric ARF is characterized
by a diffuse defect in proximal tubular function, his-
tologic damage most pronounced at this site of the
nephron, and by a depression in the activity of Na-
K-ATPase and other enzymes found in high con-
centrations in the proximal nephron. It is evident,
therefore, that the depression of proximal tubular
function seen in the glycerol model of ARF is in-
distinguishable from that seen in nephrotoxic forms
of this syndrome. Distal tubular function as as-
sessed by measurement of acidification and potas-
sium secretion remains intact, whereas both urinary
diluting and concentrating ability are defective.
Acknowledgments
Portions of this study were presented at the 70th
Annual Meeting of the American Federation for
Clinical Research, and published in abstract form
(Clin Res 26:479 A, 1978). This work was supported
by designated research funds of the Veterans Ad-
ministration (Central Office Grant no. 7083 and Ba-
sic Institutional Support Grant no. 3324), and the
National Institutes of Health (grant no. AM 20170).
Reprint requests to Dr. Christof Wesrenfelder, Section of
Nephrology, University of Illinois Hospital, 840 South Wood
Street, Chicago, Illinois 60612, USA
References
1. FLAMENBAUM W: Pathophysiology of acute renal failure, in
Renal Pathophysiology, edited by KURTZMAN NA, MARTI-
NEZ-MALD0NAD0 M, Springfield, Charles C Thomas Co.,
1977, pp. 795—841
2. STEIN JH, LIFscHIrz MD, BARNES LD: Current concepts
on the pathophysiology of acute renal failure. Am J Phvsiol
3:F17l—Fl81, 1978
3. BARANOWSKI RL, WESTENFELDER C, KURTZMAN NA: In-
trarenal renin and angiotensin in glycerol-induced acute re-
nal failure. Kidney mt 14:576-584, 1978
4. WESTENFELDER C, AREVALO GJ, BAitNowsKI RL,
KURTZMAN NA, KATZ Al: Relationship between mineral-
ocorticoids and renal Na+K+ATPase: Sodium reabsorp-
tion. Am J Physiol 2:F593—F599, 1977
5. KURTZMAN NA: Regulation of renal bicarbonate reabsorp-
tion by extracellular volume. J Clin Invest 49:586-595, 1970
6. WESTENFELDER C, ARRUDA JAL, LOCKWOOD R, B00NJA-
RERN 5, NASCIMENTO L, KURTZMAN NA: Distribution of
renal blood flow in dogs with congestive heart failure. A,n J
Physiol 230:537—542, 1976
7. OPAVA-STITZER 5, MARTINEZ-MALDONADO M: Clearance
methods in the rat. Methods Pharmacol 4A:23-40, 1976
8. CUNARRO JA, WEINER MW: A comparison of methods for
measuring urinary ammonium. Kidney mt 5:303-305, 1974
9. DACH JL, KURTZMAN NA: A scanning electron microscopic
study of the glycerol model of acute renal failure. Lab Invest
34:406-414, 1976
10. FISKE CH, SUBBAROW Y: The colorimetric determination of
phosphorous. J Biol Chem 66:375-400, 1925
11. LOWRY OH, ROSEBROUGH NJ, FARR AL, RANDALL RJ:
Protein measurement with Folin phenol reagent. J Biol
Chem 193:265—275, 1951
12. HOFSTEE BHJ: Non-inverted versus inverted plots in en-
zyme kinetics. Nature 184:1296—1298, 1959
13. DIxoN M, WEBB EC: Enzymes (2nd ed). New York, Aca-
demic Press, 1964
14. MAHER JF: Effect of toxins on the kidney. Contrib Nephrol
7:42-68, 1977
15. LOWE KG, M00DIE G, THOMSON MB: Glycosuria in acute
tubular necrosis. Clin Sci 13:187—197, 1954
16. DE LUNA MB, METCALFE-GIBSON A, WRONG 0: Urinary
excretion of hydrogen-ion in oliguric acute renal failure.
Nephron 1:3-15, 1964
444 Westenfelder et a!
17. BULL GM, JOEKES AM, LOWE KG: Renal function studies
in acute tubular necrosis. Gun Sci 9:379—404, 1950
18. BAINES AD: A correlation of structure, function and enzyme
activity in regenerating kidney tubules. Thesis, University of
Toronto, 1965
19. BIBER TUL, MYLLE M, BAINES AD, GOTTSCHALK CW,
OLIVER JR, MACDOWELL MC: A study by micropuncture
and microdissection of acute renal damage in rats. Am J Med
44:664—705, 1968
20. NOMIYAMA K, FOULKES EC: Some effects of uranyl acetate
on proximal tubular functions in rabbit kidney. Toxicol Appi
Pharmacol 13:89-98, 1968
21. BOWMAN FJ, FOULKES EC: Effects of uranium on rabbit
renal tubules. Toxicol App! Pharmacol 16:391-399, 1970
22. WARD EE, RICHARDS P, WRONG OM: Urine concentration
after acute renal failure. Nephron 3:289—294, 1966
23. BRUN C, CRONE C, DAVIDSEN HG, FABRICIUS J, TYBJAER
G, HANSEN A, LASSEN NA, MUNCK 0: Renal blood flow in
anuric human subject determined by use of radioactive
Krypton 85. Proc Soc Exp Bio! Med 89:687-690, 1955
24. MACLEAN PR, RossoN JS: Unselective proteinuria in acute
ischemic renal failure. C!in Sci 30:91-102, 1966
25. SCHMIDT U, DUBACH UC: Acute renal failure in the folate-
treated rat: Early metabolic changes in various structures of
the nephron. Kidney In! lO:S 39-S 45, 1976
26. O'CoNNoR 0, BARDOETTE J, LIFSCHITZ MD, REINECK J,
STEIN J: Sequential studies on the pathophysiology of glyce-
rol-induced acute renal failure in the rat. Proc Am Soc Ne-
phro! l0:79A, 1977
27. KURTZMAN NA, WHITE MG, ROGERS PW, FLYNN III JJ:
Relationship of sodium reabsorption and glomerular filtra-
tion rate to renal glucose reabsorption. J C!in In vest 51:127—
133, 1972
28. POPOVTZER MM, MASSRY SO, VILLAMIL M, KLEEMAN CR:
Renal handling of phosphorus in oliguric and nonliguric mer-
cury-induced acute renal failure in rats. J Clin invest
50:2347—2354, 1971
29. PREUSS HG: Tubular function in experimental acute tubular
necrosis. Kidney In! 10:S 51-S 57, 1976
30. SUZUKI T, M0sT0FI FK: Electron microscopic studies of
acute tubular necrosis: Early changes in proximal con-
voluted tubules of the rat following subcutaneous injection
of glycerin. Lab invest 15:1225—1247, 1966
31. CUPPAGE FE, TATE A: Repair of nephron in acute renal fail-
ure: Comparative regeneration following various forms of
acute tubular injury. Pathol Microbio! 32:327-344, 1968
32. SUZUKI T, MOSTOFI FK: Electron microscopic studies of
acute tubular necrosis: Early changes in the lower tubules of
rat kidney after subcutaneous injection of glycerin, Lab In-
vest 23:15—28, 1970
33. KUN E, ABOOD LG: Colorimetric estimation of succinic de-
hydrogenase by triphenyltetrazolium chloride. Science
109:144-146, 1949
34. DIXON TF, PURDOM M: Serum S'nucleotidase. J Clin
Patho! 7:341-343, 1954
35. FISHER KA, WELT LG, HAYSLETT JP: Dissociation of Na-
K-ATPase specific activity and net reabsorption of sodium.
AmJPhysiol 228:1745—1749, 1975
